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1.0 PROBLEM STUDIED

The nonlinear mi xing of surface acoustic wave s on a piezoelectri c

semiconductor is affected by the presence of band gap light. The

importance of this phenomenon is that a change in optical wavelength

of as littl e as ten angstroms has been observed to produce an output

signal variation as large as 40 dB at room temperature .~~’
2
~

There are relatively few phenomena in nature which exhibit such

narrow linewidths and large amplitude fl uctuations at room temperature .

During the past two years, we have been investigating the photoenhance-

ment effect in order to 1) understand its unde rlying physics and 2) to

extend the effect to longer optica l wavelengths . This research was

performed under contract numbers DAHCO4-75-C-00l5 and DAAG29-75-C-00l5

with the U.S. Army Research Office.

2.0 SUMMARY OF PRINCIPAL RESULTS

The principal resul t of our investigation up to the present is that

we have shown the important role played by traps and impuri ty levels in

the photoenhancement effect in zinc oxi de.~
2
~ We have done this by a

novel application of classical transport measurements , i.e ., thermally

stimulated current measurements , combined with photoenhanced surface

acousti c wave convolution studies done as a function of varying tempera-

tureJ2~
As a resul t of the low temperature work, we were able to exc l ude the

exciton resonance enhancement mechan i sm~
’
~ as the explanation of the

photoenhancement effect in zinc oxi de . A diffe rent model was introduced~
2
~

in which pho toenhanced convoluti on in zinc oxi de results from a nonlinear

_  

1
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interaction between photostimulate d carriers and piezoelectr ic surface

waves coupled through the electrical conductivity of the crystal . The

var ia t ion  in  photoenhancement wi th photon wavelength is then the result

of corresponding variations in photoconducti vi ty .

At this point in our work , we deci ded to abandon zinc oxide in favor

of gallium arsenide as it is both a cleaner material and has a narrower

bandgap. Convolver experiments , the rmally stimulated current measurements ,

and photocurrent spectra were obtained on samples of semi-insulating and

n+ gallium arsenide grown at Rockwell Inte rnational . The sulfur doped n4 layer

was 1.1 p thick , with a carrier concentration of about 3 x l 0 18 and was

grown on a Cr-doped semi-insulating gallium arsenide substra te by vapor

phase epitaxy . Figures 1,2, and 3 show , respecti vely, the thermally

- stimulated current for the semi-insulating material and the thermally

stimulated current and photocoriducti vi ty spectrum for the n+ epilayer

material .

Surface wave convolution studies were performed on 2O mi l thick (001)

wafers of these materials. The input wa velength was 72 ~u (38.8 MHz) and

propagation was along the (110) di rection. After matching the input and

output , the 77.6 MHz 2 ~ convol ution signal was observed at the metal

center plate in direct contrast wi th the crystal surface . However , it

was found that the 2 ~ convolu tion si gnal in both the Cr-doped and n~

epilayer GaAs samples was insensitive to bandgap light both at room

temperature and at 77°K.

As can be seen from Fig ures 1 ,2, and 3, there is some photoconductivity ,

particularly in the n+ epilayer ma terial , even though no photoenhancement

was seen . We explain this as follows . The open circuit rms output voltage

across the convolver center plate is given by~
3

~2
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V rms = (l /W ) M ( P 1P2 )½ (1 )

where W is the width of the cente r plate , P1 and P 2 are the acousti c input

powers , and M is the convo lve r nonlinear coupling constant~
3
~ which must

be either experimentally dete rmi ned or theoretically calculate d on the

basis of a physical mode1.~
4’5~ In writing (1), we assume that the inter-

acting surface waves just fill the entire area under the center plate .

The coupling constant M is the sum of two terms, one due to the nonlinear

piezoelectric effect which is independen t of light, plus another term due

to space charge nonlineari ty . This term is light sensiti ve and is associ a ted

with the photoenhancement effect.

— M (nonlinear + ~js pace charge\ (2)M — \piezoelectri c coupling ) \nonlineari ty/

For operation at 38.8 ?41z ( the condi tions of our experiment), the maximum

value of the space charge nonlineari ty term in (2) occurs for a substra te

resistivity of about 1000 ohrn—centime nters (see Fig. 4) ,(4~5) whereas for

Cr— doped GaAs the substrate resistivi ty is about 10~ ohm-cm and for the

~ epilayer sample it is abo ut 1O~~ ohm—cm . It j ust happens that in both

cases the actual resistivi ty is six o rde rs of magn itude away from the

optimum value . It is clear from the space charge nonlineari ty theory of

convolution~~’~~ that an order of magnitude change in resistivity for

fi xed acousti c input frequency corresponds to a change in M(space charge )

of abo ut an orde r of magnitude . Since the maximum value of M for a 38.8 MHz

input frequency occurs for a 1000 ohm- cm substrate resistivity , the actual

value of M atta ined for the Cr- doped and n’
~ GaAs substra tes mus t have been

about six orders of magnitude less than the optimum M value . For GaAs the

3 It
— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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~~~~~~~~
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optimum val ue of M, MOPT is on the order of 10~~ voi t-meteriwatti~ ’
5
~

Consequently, in our experiments the space charge nonlineari ty part of

M mus t have been around l0’~ volt—meter/watt. Even i f  the effect  of

bandgap light increased this value of M a hundred fold , it woul d still

only be lO~~ vol t-meter/watt. Our experimental set up is not able to

measure M val ues smal ler than about i O~ volt—me ter/watt, so our fai l ure

to observe the photoenhancement effect for a 38.8 MHz input frequency

on lO~ ohm—cm and lO~~ ohm—cm GaAs is unders tandable.

~ 
~~~~~~~~~~~~~~~~~~~~ _ •~~~

___
~~
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4.0 FIGURE CAPTIONS

Figure 1 Thermally stimulated conducti vi ty and photoconductivity

measurements on Cr- doped GaAs .

Figure 2 Thermally stimulate d conductivity and photoconducti vi ty

for n + epitaxial GaAs on a Cr-doped substra te.

Figure 3 Photocurrent Spectra at 77°K for n4 epitaxial GaAs on

a Cr-doped substrate .

Fi gure 4 Convolve r H value versus input frequency . Conductivity

~ (ohm—mtr)~ is a parameter. The curves are for a

degenerate GaAs convol ver with the metal center plate

on the surface (h = 0) of the crystal

.6
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APPENDI X (d)

Temperature and wavelength dependence of the SC5 027.4FR

photoenhancement of nonlinear surface -wave convo lution *
1. C. Lim, E. A. Kraut, F. J. Mon a, and J. A. Oliver
Rockwell Jnt~rnational, &,e,,ce Center, P. 0. Box 1085, Thousand Oaks, California 91360
(Received 3 June 1976)

Temperature.dependent structure in the photoenhancemens of nonlinear surface-acoustic-wave convolution
on ZnO is reported. Measurements of the temperature dependence of surface-wave convoluüon withou t
light , thermally stimulated conduc t iv ity, and photoconduc t ivity suggest that the photoenhancem ent effect in
ZnO is sensitive to trapping and surface preparation. A possible model for the dependence of
photoenhancement on photon wavelength as proposed.

PACS numbers: 78.2O.Hp, 72.40. +w , 85.60.Me

Recently, we reported that photoerihancem ent of the ZoO crystal was supplied by Airtron , Inc - Dark resis-
convolution output of a ZoO degenerate surtace-acous- tivity exceeded 10’ flc m. Crystal dimensions were 3
tic-wave (SAW ) convolver exhibits maxima and minima cm long x 8 mm wide and 1 mm thick. The normal to
as a function of photon wavelength. ’ Wav elength-depen- the 3 x 0 . 8  cm lapped surface of the cry sta l was within
dent structu re in convolution output appears to be relat - 1~ of the crystal c axis. The electrical operat ion of the
ed to wavelength-dependent structure in optical absorp- convoiver and dimensions of the input transducers and
tion and reflectivlty, 2 ’  center plate are similar to Ref. 1. I n the present ex-

- - - perimental arrangement the convolver is mounted on aSimilar results have been reported in GaAs and CclS . - - - - - -
- cold finger in a lsquid-mtrogen Dewar equipped with aThis letter presents further data on ZnO . - -quartz window and interna l heater. The input trans-
The confi guration of the convolution device is similar ducers and the center plat e are matched to 50 ~7 . By

to F’ig. 1 of Luukkala and Kino .’ The lithium-doped using a monochromat or (reso lution of about 8 ‘ )  to vary
the wavelength of the incident light , th e spectral re-
sponse shown in Figs . 1 and 2 was obtained.

~~‘EC )IIDt -

— 3733A 
~l.O 1’.”AS CS” E .

‘ Q A  --

t: _J V( 
0 5 5  1

OlrJoA—\ ~~~~~~~~~ / ~~~~~~~~~~~

ire . i - P horo enh ance d 5.WV con vo lut Ion outplir vs photon 
- 

~~~~~~~~ -- - : - .~ -

wavelei~ t h .  Incid en t t i ~ht flux ~1ecreases fmn , 21
phnton~ nrn~ ~~c it t . 42 u ~o 12 ~ 1ii~ photons cm ~~c sr 2 . Pho’oerii:a-:c--i ~ .\\\ cm’. v ol u t i o n  ‘~~:p r:

- ‘~~ ;, ‘ave lert ~ th ro la i:-~- ~c-i ~~ -

229 App lied P?~~sics Letters . Vol. 29, No, 4 . 15 Augu st 1976 Copyright ~ 1 976 American Institut e of Phytics 229
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5 2 H ”  ‘5~ s ’ ~~~~~ f l ’  °“ show s it to be the range from 1O~ to l0~ depending on

sur face prepa ration .
58’k

— . The experimental results suggest that photoenhanced
convolution in ZoO res ults from a nonlinear interact i r
between photostimulated carriers and piezoe lectric

1 surface waves coupled through the electrical conduc tiw-
ity of the crystal. The existence of maxima and minima

- in photoenhanced convolution as a function of photon
wavelength may be the result of correspo nding structure
in the photoconductivity. An increase in the surface

-

— recombination rate relative to the bulk re combinat ion
rate is sufficient to produce a maximum in the photo-

- conductivity . ~ For wavelengths shorter than that cor-
responding to the photoconductivity maximum , the pho-
toc onductivity decreases because more photons are

~~~ 2 0 -  -
— absorbed in the surface region where the recomb inat ion

rat e is high and the carrier lifetime is short. Oscil-
latory structure in the optical absorption edge as a
function of photon wavelength can give rise to addit tona l
st ru cture in the photoconductivity. For each wavelengt h

~ t o -  -
correspo nd i ng to an optical absorption peak , the d epth
of penet ration of the photon into the crystal is small.
Consequently, the corresponding photocarriers generat -
ed have short lifetimes and are associated with low

I I photoconductiv ity. When optical absorption peaks are
associated with excitons , then collisions with optical

000/ 7 .5
~~~~. phonons or interactions with recombination centers may

FIG . 3 Thermally stimulated SAW convo lutio n output for ZnO
in the dark vs reciprocal t emperature.

p.. no
‘P~’4OTO S “SC

The eff ect of temperature on convolution output with-

cooled to liquid-nitrogen temperatures and the traps
out light was also determined . The con volver was

filled by illu mination with band-gap light. The convolver
was then slowly heated in the dark . The thermally
stimulated convolution output (Fig. 3) and the photo-
enhanced convolution output (Figs. 1 and 2) exhibit
maximum amplitud e in the same tempe rature range.

(TSC), and decayed TSC measurements were made on
Photoconductivity , thermally stimulat ed conductivity

lithiu m -doped ZoO crystals under three separate con-
ditions , lapped surface , etched su rface , and surf ace
etched after oxidation at 700 K. Figure 4 shows the
results for the case of a lapped ZnO surface with no
prior treatment . The activation energies determined
from the decayed TSC data 5 are shown in Fig. 4. The

cha nge rapidly in the temperature range between 143

a 

\ 
3ECOYE

and 180~K . The same is tru e for the photoenhanced and
J R  ~~~~5 5pcu

photoconductivity and thermally stimulated conductivity 
~: 

\

\ 

~ 
“ SCthermally stimulated convolution outputs. The activa - 

~tion energies in Fig. 4 show that the lapped lithium - 059
doped ZnO sample contains many shallow traps about -

shallow traps may be interstitial lithium donors , t ° or 

- - -

0.04 to 0.05 eV below the conduction band edge. The

neutral zinc interstitia ls , or neutral oxygen vacan-
cies. 5

~~
3 In all three cases , lapped surface , et ched

surface , and surface etched after oxidation, there is an 000i7 ~~~
increase in  the recombi natlon rate above l80~K. In FIG . 4 . Phot ocondu c ’i v it v , the r ma lly stlmula:rd ~o iuct~~(:~genera l , the TSC and photoconductivity data for the TSC) , and lecaved T~ C ~-s ‘-eciproca l tempe raturc for ll:ht-
lapped and oxidized etched cases show sens it ivity to 

~m—io ped ZoO lap:~ d su r face , io pr io r t r e a t n w n t l .  !idicatecl
surface treatment. ~ A rough estimate of the trap densi ty a c t i v a t i o n  •‘n ergi . - a r e  j e t e rm ined  fro m T~ C curv e / lope~.
230 A ppI. PPiy~. LetS . , Vo l .2 9. No. 4 , 15 August 1976 Lnl er al. 230
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cause excitons to disintegrate and contribute to the The surface traps will  be deep ones. u They will  not
photoco nductivity. i6 be in the rmal equilibrium with the conduction band and

will therefore explain the assumed increase in surfaceWe have not attempted a quantitative comparison of recombinat ion rate relative to the bulk.th e peaks in Figs . 1 and 2 with exciton wavelengths
since the optical properties of ZnO have not been mea-
sured at the same temperatures as the photoenhance- •V.’ork supported by the L. S. A r m y Research Office.
ment . The observed 40—5 0 A separation between the 1T .C. Lion , T. Wolfra m , E .A . Kraut , and S.K . Sinha , Appl .
peak near 3100 A and the peak near 3750 A over the Phys . Lett . 22 , 421 ( 1973) .5D .G . Thomas , J. Phvs.  Chem . Solids 15, 96 (1960) : seemeasured temperature range is not inconsistent with the also R F . Dtetz , J .J . Iiopfteld , and D .G. Thomas , J. AppI.separation between the C exciton (EU C) and the A and Phys . Suppl . 32 , 2282 (196 11 .
B excitons (E 1C). 2 ’ 5 Since at 77~K , the A and B exci- 3Y. S. Pa rk , C. W. Litton, T .C . Coll ins , and D.C . Reynold s ,
tons are only about 8 A apart , 2 it is not surprising that Pine s. Rev . 143 , 512 (1966) .
they are not resolved in the photoenhancement expert- 4W , Y LIang and A . D . Yoffe , Phvs . Rev . Lett. 20 , 59 (1968).
merit. In the latter experiment the incident ligh t was 5T . Skettrup, Solid St ate Commun .  7 , ‘(69 (1 969).

5K . Hoh , H.  Haya kawa , and N . Mikos hib a , J. App I. Phys .directed parallel to the C axis and therefore corre- Supp . 2 . Pt . 2 , ‘( 97 I t ~)74). J . Appi. Phys . 13, 363 ( 1974) .
sponds to the electric field being perpendicular to the ‘7.. Ued a , .1. Shtr afu ~’ , and v .  t nut sht , Appi . Phvs . Lett. 28 ,
C axis. This is consistent with the amplitude ratios of 41 5 ( 1976)
the short- and interrned sate-wavekength peaks in Figs. ~M . t .uu k kala and G. S. I~tno , App i . Phvs . Lett. 18 , 393

fl 971) .1 and 2 . The peak near 4000 A might be associated wi th 
~~~~. H. Rube , G . A . Dussel , C ,T .  Ho , and L D. Mil ler , .1.a bulk electron trap near 0.3 eV in Fig. 4 and reported 

~~~~~~~ ~~~~ 37, 2 1 19661.at 0.29 eV below the conduction band edge in l i thium- ~~~~ Seit z and D .H .  ~VI-. l tm o re, J. Plu s . Ch eni . Solids 29 ,doped ZnO by Seitz and Whitmore. 1033 U96~ I .
“ F. s. K roger , Ch. ’. ’is t r s  of I’nper?ect Crystals c~or t h—The model we propose is based on an assumed dit Ifollano , Amsterdam , 1964( , p. 69! .

ferenc e between the bulk and surface recomb irsation ‘2 K !  Hagern a rk and L . C . Chacka , J. ~alid State Chern . 15 ,
rates for ZnO . The bulk traps are mainly shallow traps 26 1 ( 197 5) ,
in thermal equilibrium with the conduction band and *))~~ j Hagemark , .1, Solid State Chem . 16 , 293 ( 1976).

~
‘., .J. Collins and T) .G . Thomas , Pbs’s. Rev . 112, 398 ( 1959).associated with multiple trapp .ng . The eurface traps ‘5 H B. DeVore . Phrs .  Rev . 102 , 96 (19561.correspond to a high concentration of charg ed lattice 15E . F. Gross and B . V . Noviko v , J. Ph y s . Ch em. Solids 22 ,

defects such as might be produced by surface damage . 97 (196 1) .
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Wavelen gth dependence of the photoenhancement of nonlinear SC5027.4FR

surface-wave convolution
T .C. Lim . T. Wolfram , E.A. Kraut , and S.K. Sinha *
.\orOi ‘tpo,erty .m n Ri~ ks~e!l Science Center Thunsand Oaks , Ca l if oruta Ql 3 ~U
( Receive d 27 November l9 ”2,  in iinal form 30 Ja nuary l~~ 3(

The wavelength dependence of the photoenh ascement of surface-wave convolution on piezo-
elect ric ZoO exhibits peaks which correspond to the exciton transitions observed in optical
reflectivity and absorption e.Weriments. A possible model for ‘exc iton resonanc e enhance-
ment” of nonl inear elastic-wave Interactions Is proposed.

In recent publications , ~ some of the present authors the c axis (E~.C). We also observed a similar enhance-
(T .C.L . and E . A .K . )  and their co-workers estimated ment of the second harmonic with light incident on the
the magnitude of the nonlinear couplIng constant of the surface at the gap between the transducer and center
acoustic surface-wave convolver for various piezoelec - plate.
tric semiconductors and piezoelectri c insulators. Re-
cently, Turne r et al. 3 have observed an enhancement The dependence of the enhancement of the convolution

in the convolution output when a beam of light was shin- output on the optical intensity shown in Fig. 3 was ob-
tai ned by attenuating the incident light with a set ofing on th e center plate of a CdS degenerate convolver. calibrated neutral -density filters. Additional experi-

In thi s letter, we report on a study of the wavelength ments measuring current versus voltage and capacitance
depend ence of photoe nhanc ernent of convolution and versus voltage across the center plate showed no effect
second-harmonic generation on ZnO and propose a new due to the light.
mechanism , that of “ exciton resonance enhancement ” ,
to exp lain the observed structure. The convolution output or the nonlinea r polarization

voltage with no illumination depends on the contribut ion
The confi guration of the convolution device is similar from th e electroanharmoni c constants. The mechanismto that shown in Fig. 1 of Luukkala and Kino, but th e of such a convolver has been explained by Kr aut ci a1.~ground plate is tilted 5 with respect to the center plate However , with near-band-gap illumination our resultof the top su rface so that mechanical resonance of the indicat es that the nonlinear polarizabi l ity makes non-
crystal does not occur. Two acoustic surface waves of negligible contributions due to the electro -optic as well
f r equency 

~~~~ 
are inje cted at opposite ends of the crystal  as the acousto-optic effect .

by means of interdigital transducers.  These transducers
have a wavelength of 104 ~m. an aperture width of 1 mm . The experimenlal results suggest that the peaks in the
and 15 finger pairs and are pretuned by e.~ter nal induc - photoenhancement curve nn ay he associated with the ex-
tors to give an insertion loss (.~ to ~ ) of about 22 dB. citons ot ZoO. We describe briefl y a possibl e ruecha-
The input electrical power to those transducers is about nism by which ex c it on  resonance enhancement uf the
100 mW. The dimensions of the center plate are 3 .7 5  nonlinear electric field at acoustic frequencies can oc-
mm wide and 15 mm long, and the crystal thickness is cur.  It is well known that light scattering by phonons is
about 1 mm .  The cry stal  used is ZnO . and the plane ~f enh anced by many orders of magnitude when the fre-
pro pagation is in the basal pl ane. For the dimen sions quency of the 1i~ ht is near an electroni c tran sit ,00 ~uch
used on the center plate. the measured capacitance ( at as an exciton trans ition. The effect  is called resonance
7 MH z) is 10 pF. and a series inductor of about 1 .i H is Rannan~’ ’ and Bri l1o u in ’~ scat tering for light scattered
used to tune out the capacitance of the center plate . by optical and acoustic phonon s . r espect ivel’c. Accord -
Th e unenhance d convolution output of the device is shown log to perturbat~~n theor y ,  the phenomenon rc su~tS f ro m
an Fig.  1(a ) .  With a light source of wavelength (377 1 Al the enhancement of the t onu ine a r  p olar izahi l~tv due ~~ ‘

near the hand -gap energy of ZoO shining ver t i ca l ly  00 intermedia te electronic states v t r tu a l  t r . nn s i t aon s  ‘,vhich
the edge of the center gold plate . the convolution output produce resonance denominators. The frequency-de co-
is increased 1w about 17 dB for an input of about 7 . 6 dent el ectro-outic  and elasto-optic tensors are d i r ec t l . ’

~l0 h4 photon s.cm 2 sec as shown in Fig. 1(b) . The ex- related to the r.oolinear polarizabi lity and are enhanced
periments were performed at room temperature at these opt ical r r ’q ’m, ’ cu ’c . 6 ’ 7 In the exper tm ent  de-

~ 300 K) . scribed here the enhancement ‘:1 the electric field oc-
curs at ‘ico ’sstic ~ -cqut ’nc ics . A class of processes which

By using a monochromator (resolution of about 8 A) to produce this type of effect  can be derived from the mac-
vary the wavelength of the incident i i~ ht . the spectral  roscopic theory of piezoelectrics.
response shown in Plo. 2 was obtained. The output is
normalized to the input optical density.  la,, is the cur-  Consider two j c mu stlc waves having frequencies ..~~ and
rent which is due to the ph otaenhancement.  1~,.,e :s the ~ and wave vect ors q5 arid q~ and also an optica l elec-
current  due to el ec t roanharmon ici ty  in the absence ~ t r i c  field EL .  The non inear pol ar i zabt l : rv  of the r:~- d i ~im

light . The peak i :i ~~ labeled C occ urs at 0.377 ~ rn. produces. by means of the resonance Br i l louin etfec t ,
and that labeled A. B occui~s at 0. 384 -rn.  The peaks ir .  electric fields f the fo rm

we re hserved to depend on the p ) Iar iza t ion al the F~~.: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ight relat ive to the c axis ‘n ormal  to the sur face  i th -

crystal .  The peak labeled C in F ig . 2 was ma~ t m u t t t  E ii~~te: i S ur . n i n a t i c n  c , n v e n u i ) n , . ‘.vhere S~ i re tht-
‘.‘.~th th e e l ec t r i c  fi e~d f the l i gh t  ‘arallel to the ‘ sX~5 stra sn component s oi the aooust ic  ~vave s (j :  1 2 ’ . The

E el and m i n i m u m  ‘.v ith p o lar iza t ion  perpend i cu la r  to tensor 1? : wo lves components  i~ the e l ec t r n - .~pt ic and

421 A ppi . Phys . L~tt . Vo l. 22 , No. 8. 16 A~~i( t~ 73 Copyr,qflt 1973 A msncan Inst iflute 01 Phys ,~ 
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are other mechanisms for generat ing nonlinear inter-
actions. In this letter we have not attempted to describe
all possible mechanisms .

According to our model , the s t ructure (Fig.  2) observed

•~~~~iiuiu~~~~ai 
in the wavelength dependence of the enhancement should
correlate with the exciton transitions in ZnO . The ex-

~ IIIUUUUU ~ 
cit on spectru m has been studied by Thomas° and more
recently by Park et al. ,  tO Liang and Y of f e , ~ and Skett-I~~ 

‘II~~W ~~~~ rup. u Th ree strong exciton ot 1) transitions labeledA, B, and C were observed . The A and B transiti ons U
are excited by light having E - c and occur at about
0.373 ~L m at 300 ~K, while the C transition, which oc-
curs at 0. 369 j i m ,  is excited with E ‘c. Our peaks,
which occur at 0. 384 and 0.377 , are shifted by about

_________ 
100 A. The source of these differences is not clear at
this ti me. The polarization effects are in agreement with
the theoretical interpretation. The broad smaller ma,d-

— - - mum may be associated with the continuum of excitons
above the gap or with charge carr iers  created by the
light. The present experiment suggests that it may be
possible to investigate some aspects of electronic struc-
ture by nonlinear acoustics. The sensitivity to exciton

Additional experiments, in particular the tempe rature
11 ~~~~~~ structure appears to be excellent.

dependence , are required to fully explor e the possible

IL~UUVI~UU role of the excitons in the photoenhancement phenomena.

(b) 

I :: .~~~~~~ . .

flG. 1. Convolution output (a) ~~thout Ill umination and (b) ~~th 
—ill uminatIon of near-band-gap light. (Note the change of vert i- -. 

~~~
cat scale.) -

elasto-o7tic tensors, both of which are resonantly en- 1hanced when 
~~~~ 

is nea r an exciton transition frequency. I
In higher order , these two optical fields are mixed ~~~~

through the electro -optic effect to produce an electric ..~~ 
-

field of the form —

E~~(.~’1 — .ai) Re~ T5 15, S S E ~E~ exp[t(q 1 q2).~
(2) ‘

~

involves products of three tensor components (combina - .~ L —H
Re indicates the real pa~ of the bracket. The T tensor ‘E

lion of the electro -optic and acousto-optic constants) . If
the acoustic waves are oppositely di rected (q1 = —q ~ and

= 
~~z). 

then we have from Eq. (2 ) an electric field at
2.~~ with amp litude linear in the optical intensity arid
proportional to the product of the strains of the acoustic
waves. Very near an exciton transition the magnitude of —

T will be controlled by the l i fet ime of the exciton (which L—.’,,,
prevents the denominators from vanishing) . The sketch . ‘ 

, , . ..,~~~.

presented here applies to bulk waves, and the extension rIG . 2 . Dependence ~f he photoenhanoen~~rt  “~tcct ii t h eto a carefu l treatment of surface waves is not t r i v i a l .  
~ia~’el n~~h 1h~ht , f .  i .  the  current i te~i.~~. ~~~ 0 tne

However, the ess’~n tial idea of exciton resonance en- plate and q~, ~ :he ”n t icu l i1o ,’~. P ’a,~ o ~~~~~~~~~~ I - . n ~~, i ’
hance ment at acoustic frequencies remains valid. There ~A fo r an inp u t ph ’ to n i l . ix I -

. ‘ j~~’ ‘h o ’n~ -~~c .

App . Phys. Len., Vol. 22 , No. 8, 15 Apfll 1973 16
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Other Il-VI compound s and alloys having strong exciton

b . , . bands are expected to display similar s t ruc ture .  In con-

- 

.
--  

~~~~~~~~~~
“ 

- 
clusion. we would also like to point out that this acousto-
optic interaction may be useful for photodetect ion.

The authors would like to thank Dr. C.S . Burton for the
- - use of hi s optical facilities and his interest In  this work.
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Nonlinear Mat erials for Acoustic-Surface- Wave Convo lver

T. C.  Line, E .A . Kraut, and R .B. Thompson
North Amencan Rockwell Science Center , Thousand Oaks , California 91360

(Received 3 September 1971: in final fo rm Ia Octobe r 1971)

Acoustic-surface-Wave convolution by nonlinear mixing has been observed in cubic , hexago-
nal , and trtgonal crystals. The magnitudes of the phenomenological nonlinear surface—wave
coupLing constants are tabulated and compared with the linear electromechanical coupling
facto r 2(.~ V. ’V) . It has been fou nd that  the basal plane of PZT- ’ has a larger nonline ar cou-
pling constant than that ot the commonly used Y-cut Z-propagating LiNbO3.

Convolution of bulk acoustic waves in p iezoelectric give a theory describing the mechanism responsible for

semiconductors and piezoelectric insul ators has recent- surface-wave convolution.
ly been demonstrated . 1, 2 Similar results have also been
obtai ned 3’ with elastic Rayleigh waves and recently Here we report experiments to evaluate the magnitude

Kraut et al. have extended the work of Kirkwood~ to of the nonlinear coupling constants. The geometry is

1 8 ‘rr1 Phvc L~t l . Vo( 20 , ~ o tr e~.riJr \ I

- .  .. 
___
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similar to the solid-center-plate confi guration of Luuk - I
kala and Kino 3 and is shown in Fig. 1. A pai r of oppo- I
sitely propagating acoustic surface waves of pealt strai n L J

amplitude S1(t) and S,(t) and frequency w interact in a
strong piezoelectric crystal to produce an output voltage FIG . 2 . Equivalent circuit of the convolver.
at 2w across the center plate which, when tuned by a
series inductance , is given by 3

V2~,, =Re[Az’ exp(i2wE) j t
~~~~Sj (T) Si(2 t _  T)dT] , ~~ 

peak power pulses decreases the outpu t since the con-
stant amplitude wave occupies less area. Hence the

where4 factor vt/ i appears. As the width of the input acoustic
beam is decreased , keeping the input power constant .

A = E’33 w 1 IH ‘h~~,~~R5~(x 3)L~~(x 3)dx 3, (2) the strain amplitudes must increase within the reduced
H 0 mixing area. Thus Eq. (3) is independent of the width of

u is the surface-wave velocity, e~’~ is the rotated dielec- the input acoustic beams . It follows from Eqs. ( 1) and
tric constant (x 3 is chosen normal to the plate) , H is the (2) that .1! in Eq. (3) is a material constant characteris-
crystal thickness, W is the width and 1 is the length of tic of the particular orientation of a particular crystal .
the center plate, C is the capacitance, ~~~~~ is the To determine V~~~, the tuned output of the convolver.rotated nonlinear electroaatharmom C constant s, ‘~ and we have used a series inductance L to resonate the ca-
R 4~(x 3) and L~3 (x 3) are the amplitudes of the strain waves pacitance and observed the voltage across a 50-f2 load.
traveling to the right and left , respectively. These Measurements have been made on cubic (Bi 12GeO20 ).
equations assume that the width of the center plate 1~~ hexagonal (ZoO , PZT-8) , and trigonal (quartz . LtNb O 3is equal to the width of the applied acoustic beam, crystals. The surface waves on PZT-8. LiNbO 3,
It is impossible at present to use Eqs. ( 1) and (2) to Bi 12GeO2~,, and ZnO were excited by 15-finger-pai r 104-
calculate voltages since a linear combination of several M-wavelength interdigital transducers of 1-mm ape r-
of the nonlinear electroaimarmoni c tensor components, ture. For quartz , a 30-finger-pair 70- ,~ -wavelengt h

are involved in even the simplest cases and no transducer of 3 .3-mm aperture was used. In all cases .
unambigu ous measurement of these is known to the the center plate was 3. 3 mm wide and 15 mm long. The
authors . In order to evaluate materials we choose to frequency of the convolution output , 2 e (  ranged from 30
compare the maximum received signal which occurs to 90 MHz. This frequency is low enough for the lumped
when pulses of equal duration are injected at each input equivalent circui t of Fig. 1, as shown in Fig. 2. to be
transducer. The root-mean-square voltage V~~ at the reasonably applicable but high enough so that the ef fects
time of maximum overlap of the input waveforms is
given by

V,.,~~= (1/w) (~ t / l)M(p 1p2) ”2 , for t~~ l/ v  (3) TABLE I. Magnit ude of the l inear  and nonlinear eoup lin ~
constants for var ious crystals.

where P1 and P~ are the acoustic input powe r during Materials Plane Direct ion M 2.V V ~~V V
constant amplitude pulses of duration 1, and .11 is the (10~ ) (V m W) th e ta .
nonlinear coupling constant to be experimentally deter- PZ T-5 Basal All 4 .95x 10 ” For PZT-4 a
mined for any particular orientation. Equati on (3) 1 01- 242 - io-~tow s from Eqs. (1) and (2) as may be understood by LiNbO3 Y cut 2 1. 21 x 10~ 2 4 h ~~ 10’~ h
noting that when the surface waves fill the area under Bt 12 GeO20 1001) UlO ) 1.02 x i0”~ 6 ( e lO ” 4 c
the center plate , Eq. (3) reduces to the form ZnO Basal All 2 . 4 6 x 1 0 ~i 4 4 e 3 0 ” ~ d

If(P 1P2)112 ‘W, The term (1 , W) ( P 1P,)” 2 determines the Quart z Y cut X <3 . 3x10 ~’ 11 10~ b
product of the strain amplitudes of the interacting sur- aj j , Thomann , Elect ron. Letters 5 , 25 , 632 ( 19(39).
face waves, and .1! is a material constant including the b \V .R.  Smith , H.M . (.,crr ad , J .H  Colli ns , T. 1I . ReeLk r , m d
electroanharmona c constants. Equation (3) applies also H ..). Shaw , I EEE T rans. M icrcwave Theory Tech. MTT- 17 ,
to cases when the sound beam does not fill the region ~~~ ( 19(3 9 ) .

5E . A . Kr~ut , 8. 11. Tittmann , L .J. Gr aham , and T. C . Lirn ,
under  the center plate since the plate has been experi- .App l . Phys. I et t r rs 17 , 271 ‘1970 ) .
naentally demonstrated to average the driving signal dj , j,  Ca mpbel l and \V . J .  Jones , IE E E Tra ns. t~on . Ult rason.
under its area. Decreasing the pulse length of constant 8t —15 , 209 l96~) .

..~
pp l. Phyc L ef t . .  Vo l . 20. ~.o 3. I Februj r~ I’) 7 2 ‘19
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of higher harmonics of the elastic plate resonances can is, crystals which have a strong linear coupling con-

be neglected. stant also possess a strong nonlinear couplin g constant .

The measured results are given in Table I . 2(.~ V ’V) in ~
,, -1W .C. Wang AppL. Phys. Letters 18, ~~ ( 19’1) .

this table corresponds to the Linear electromechani cal 2 R .B. Thompson and C . F. Quate , .J. Appl . Phys. 42 , 901

coupling constant of the material. It can easily be seen (1971).
that the basal plane of PZT-8 has a higher nonlinear 3M. Luukkala and G.S. Kino , Appi . Phys. Letters 18, 393

coupling constant which is about four times larger than (1971).

that of the commonly used Y-cut Z-propagating LiNbO~. 4E .A. Eraut , T .C. Elm , and B.R . Tittmann , IEEE Trans Son.

From the table it is interesting to find that the magm- 5C. W Ici~~wo ,d , as. S. thesis (MIT , 1968) (unpublished ) .
hide of the nonlinear coupling constant agrees well with 6J, J, Campbell and W .J. Jones , IEEE Trans . Son. Ultrason.
the trend of the linear electromechanical coupling, that SL’-15 , 209 (1968)

20
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